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ABSTIL\CT 

During June and July, I ':::ISS, an AXUT ~urvl!y was conJu•.:teJ :wuthcast of :\lindanao, 

Philippines in conjunction with CTD scctiom complctcJ along the coast of ~linJanao. 

Simultaneously, six Lagrangian drifters arc laum:hcd in the .\lindanao Current. Analysis 

of the data indicate a highly dynamic and complicated circuli::ttion which fonns the origin 

of the :\orth Equatorial Countercurrent. Strong shenrs arc observed across the 

.Vlindanao curn:nt and across a current loe<HcJ on the northea~t co:.tst of Borneo, ami 

b<1scd on water m.:tss chJ.raucristics and Lagra.ngiun data, the general positions and 

strengths of the .\lindanao and 1 Ialmahcra EJJics. 

iii 



I r,vvro 
.;ltJJ;jj 

C.i 

TABLE OF CONTENTS 

I. 1:\TRODCCTIO:\ 

II. llATHYMETRY ......................... . 

Ill. LAGRA:\GIA'i DRIFTER \IEASURE\1E:\TS 

A. \11:\I-TRISTAR DRIFTER ............. . 

D. DRIFTER :VIEASCRE:VlE:\TS ........ : . . . . 

C. LAGRA:\Gl.\'i TRAJECTORIES 

I. Buoys launched along r":\ 

. I 

. . 5 

.8 

00 0 8 

00 0 8 

00 00 00 0 9 

II 

a. lluoy 52 .......... . 

b. lluoy 51 

c. lluoy 55 

2. Buoys laun-.:hcd along 8"'~ ...... . 

a. Buoy 50 

ooooooooooooooooooooooooo II 

•••••••••••••• 0 0 13 

•• 0 0 0 •• 0 ••••• 13 

• 0 • 0 • 0 0 0 0 •• 0 • 18 

•••••• 0 • 0 ••• 0 • 0 •• 0 0 • 0 0 18 

b. lluoy 5~ ..... :!0 

c. Buoy 53 .............. . • 00 00 20 

D. LAGRA:\GIA'i VELOCITY CORRELATIO:\S ..... 21 

1. Philippine Sea .............. . • •• 0 • 23 

2. Celebes Sea ..... . . .... 25 

E. LAGRA'iGIA:>I TDII'ERATCRES ••• 0 •• 0 0 •• 0 0 0 26 

F. St.;\I\1ARY 00 00 00 00. 00 00. • ••••• 0 • •••••••••••••• 30 

IV. AXIJT A'iD CTD \IL\SCRDIE:\TS 

A. VERTICAL PROFILES .................. . 

ll. VERTICAL SECTIO:\S ........... . 

C. HORIZO:\TAL TE\IPERATCRE STRLCTGRE 

... 38 

3S 

. .... 39 

'"2 
D. DY:\A\IIC STRCCTCRE ... ..................... .. .. ~3 

V. St.:\1\·IARY A:\D RECO\l:VIE:\DATIO:\S 

A. SG\1\IARY . 00 00 00 00 00 00. 00 00 oo . 

D. REC0\1:\IE:\DATIO:\S ..................... . 

50 

00.00. 00 00. 50 

0 0 0 • 0 0 0 0 • 0 • 51 



APPE:\DIX A. AXilT TE\II'ERAI"CRC PROfiLES 

l 

:r.. 

AI'PE:\DIX il. L\Git,\:\GL\:\ TI:\II'ER.-\Tl .RI : Tl.\11: SI:IUI.S 

LIST OF REFERE:\CES 

1:\!TIAL DISTRIBLTIO:\ LIST 

.. 52 

ll h 

124 

125 



LIST Of TAllLES 

Table l. DRIFTER :\LCROLOGY ........... 13 

Table 2. TI\lE AVERAGED LAGRA:\GlA:\ :\lEA:\ VELOCITlES 37 

Table 3. LAGRA:\GIA:\ VARIA:\CES A:\D EDDY KI:\ETlC L:\ERGY ... 37 

Table 4. DY:\A:\llC IIEIG!ll CO:\II'ARISO:\S .......... ... . . ... ..... 43 

vi 



LIST OF FIGUR ES 

Figure 1. Bathymetric Chart of the Survey Region ......... • .... 7 

Figure 2. \11~1-TRISTAR Drogue and Surf'ace Floa t Co11figura tion 10 

Figure 3. Scheme1tic of the Observed \lotion of'TRISTAR in Surf~ce \V<Jvcs 11 

-t. Geometry of Lo~:ation C~lculations 12 Figure 

Figure 5. Lagrangian Trajectory of Buoy 52 ....................... . ... . 14 

Figure 6. Buoy 52 Velocity Time Series ..... . 

Figure 7. Lagrangian Trajectory of Buoy 51 ......... . 

Figure S. Buoy 51 Velocity Time Series ......... . . . .. . 

Figure 9. Lagrangian Trajectory of lluoy 55 .... . .... . 

figure 10. Buoy 55 Velocity Time Scril.!s .......... . 

Figure II. Lagrangian Trajc~.:tory of ilLIO) 50 

Figure 1::!. Buoy 50 Velocity Time Seric~ 

Figure 13. Lngrangian Trajectory ofUuoy 5-l 

Figure 1-t Buoy 5-l Velocity Time Seri~s 

Figure 15. Lagrangian Trajectory of Uuoy 53 

Figure Hi. Buoy 53 Yelocity Time Scrit:s Duy 206-270 

. .....•... 15 

16 

17 

18 

. .. • ...... 19 

' • ...... 21 

. 22 

.... 23 

.... 2-l 

.... 25 

.. 26 

figure 17. Ltgrangietn Trajectory of Buoy 53 ............................ 27 

Figure IS. Buoy 53 Velocity Time Series Duy 270-350 

Figure 19 .. Buoy 53 Velocity Time Series Day 3-lO-..lJO 

Figure 20. Buoy 51 La grangian \"clo~:ity Correlations 

Figure 21. Buoy 52 Lagrangietn Velocity Correbtiom 

Figure 22. Buoy 52 Lagrungian Velocity Correlations 

Figure 23. Buoy 53 Lagrangian Yclocity Correlations 

Figure 2-l. Buoy 53 Lagrangian Velocity Correlation!:> 

Figure 25. Buoy 50 Laf)"rangian Vdocity Corrdations 

Figure 26. Buoy 5-l Lagrangian Velocity Correlations 

Figure 27. Buoy 55 Lagrangian Velocity Correlations 

Figure 2S. Lagrangian Daily \Iinimum Sea Surfa~e Temperature 

Figure 29. A:XBT CJ.nJ. CTD Station Locations ..... . 

........ 2S 

........ 29 

.. 30 

........ 31 

.... 32 

... 33 

. 33 

.. 34 

.... 34 

............ 35 

............. 36 

.. 39 

Figure 30. Vertical Proliles of Tempera tun:, Salinity, anJ Density Anomaly 

Figure 31. Vertical Profile of Temperature, S<.~.linity, anJ Demity Anomaly 

. 40 

... -II 



Figure 32. Vertical Temperature Cross-section/\ . .... . •• ... , . , ... , , . . .... 4~ 

Figure 33. Vertical Temperature Cross-s(.'Ction 13 . .. ... • .... • ... • ... • ..... ~5 

f'igure 3-L Vertical Tcrnpcrmurc Cross-~ccrinn C .............. -It! 

figure 35. 23° Isotherm . . . . . . .......................... ...J7 

figure 36. l...Jo lsothcnn ....... . . • ....... • . .. . ....... . .... . .... . .... 47 

Figure 37. l-1°-23° Thickness ...... . ... . ... . .................. ~S 

figure 38. Buoy Tr.J.jl!ctory compositl.! ...... ................. . ......... 48 

Figure 39. Dynamic II eights U, 300m .. .. . .. ........•.................. 49 

viii 



I. INTIW lJ UCTION 

On JJ.nuary I. 1985, the intcrnation~d TOGA (Tropical O(l!an. G lobal Atmosphere) 

program corrunenccd. Planning for this program had bcl.!n on going since 1981 with its 

central focus being air-sea interaction anJ its eJrect on the global dimatc. In l9~2-11JS3, 

a strong El :\ina en~nt stimulated higher kvds of interest in this research. TOGA is 

envisioned to be a 10-year program with its efforts centered around lOur major program 

elements. The first of these dcml.!ntS is moJding with .:::111 aim at fixing the preJictability 

of the atmosphere through coupled air-ocean models. Second, empirical studies, based 

on historic.::li data sets, \\"ill c.:ontinuc to contribute to the understanding of the processes 

that control the predictability of the environment. Third, process studies will be focust::d 

on those physical mechanism which arc identified to be of critical importan ce to the 

understanding of large scale atmospheric· oceanographic variability. F inally , long term 

observations are necessary to dctcrmint:: the timc-dept::ndcnt structure of the tropical 

oceans and the global atmosphere. 

Although, global e1Tccts of tropical air-sea interactions is central t o the understand

ing of the circulation of the oceans at low latitudes along the western boundaries, yet 

until recently there haJ been few modern oceanographic obsl.!rvations in the western 

equatorial Pacific. Then, between 19S5 and llJSS, under the umbrciL:t of the process 

studies element of TOGA, scrl!rJI cxpcditions were carried out as part of a \\'estl.!rn 

Equatoria~ Pacific Ocean Circulation StuJy (\\'EJ>OCS). The third of these ex p!.":ditions 

was a survey conducted by the R V .\Joana II' me called \\TPOCS II I. The purpose of 

this cruise was !Lukas, ct al, 19~7]: 

1. ddining the cin..:ulation of the low-l.ttitudc m:stcrn boundary curren ts of the west
ern Pacific, including the possible cross-c4u~ttorial transports, 

1 determining the convergcnt.:c of waters of northern ~nd suutilt:m !J~ nllsphe re origin 
in th!i! far western equ.:~torial Pacili(.;, 

3. dcternllnin~ the source water mas~ (.;. lractt:ristics for the PaciJic to Indian Ot.:ean 
ItH.lone~Ian- throughllow, 

~. defining the Origin of the L4u.:J.torial Lndcrcurn.:nt, and 

5. determjning the circulation pattl!rn~ whid1 supply the :\orth Equato rial Countl!r
current ncar its origin. 

In order to le~rn more about the mesoscale strw.:ture in the region, the 1\ayal 

Postgraduate School (:\PS) supplemented the \VLPOCS 11 1 p rogram by proYiding ad-



ditional drifting buoys and an ~drcraft sun'ey. ~lini-TRISTAR drifting buoys were de

ployed to bracket the Mindanao Current. During thn.:e days in July, 1988, an Airborne 

Expendable Bathythermograph (:\XBT) sun·cy \\';IS \..'OJlduct~J by 0.PS SOLHh~asl or 

:\lindanao, in which S..j temperature profiles were obtaincJ. lhe Jata lfom these surveys 

arc used in this study·. 

Prior to TOGA and \VEPOCS, our unJcrstanding of the circul<.~tion of the region 

had been based on ship drift reports anJ inl~n:nces b<.~scd on water mass properties 

[\Vyrtki, 1961 and \Vyrtki et al., 1976]. The precision and accuracy of ship drift estimates 

is well known to be limiteJ. Errors in ship positioning also lim.it the ;.u;curacy of these 

estimates. \Vyrtki notes (1961) "The inJividual observation is an average over a period 

of I day and O\'Cr a diswncc of about ..j00 km, somcwh<.tt larger tlri.th the typical 

midocean edJy, or the typil:al wiJth of strong currents. The current specJs reported are 

consequently biased toward lower values. Included in the obserreJ drift is abo an un

determined efTect of wind on the ship, which largely depends on the loading character

istics of the particular ship," 

Th~re have been several res~.:ar~h cruises to the region. The sections made by the 

Kagoshi-maru (1952) and the Keiir::n-maru (1954-1956) were rcry effe~.:tive at resolving a 

cyc.:lonic vortex cast of \Iindanao, called the \'lindanao EdJy !Takahashi, 1959J. Sections 

made by the Arlamis II, at appro>..imately 7°':\. and 8°:\, unJ the survey conJuctcd by 

the Takuyo (1965-1966) were effective in resolring the structure of the \linJanao Cur

rent. From an an,llysis of this Jata, Cannon lCJnnon, G. A., 19651 concludes ... The off

shore limit of continuous strong currents is 70-SO km. Gcostrophic surface currents and 

the ships set are consistent near :VlinJanao. Tht.! transport and the Jepth of the currents 

arc l.hfiCrent on tbe two sections, whidi wen: only about IUO km apurt.'' Since these 

expeditions took place before mesosc;,.tlc cJJies baJ been "discorcred", they were not 

Jcsigned to aJcquatcly rl!sol\'C cJJics. Thcsl! earlier investigations JiJ not make direct 

measurements of ocean currents. 

The general circulation of the region has been dcsc.:ribcJ by \Vyrtki [\\'yrtki, 1961], 

The description that follows is for Jur and is based on his monograph. The :-\orth 

Equatorial Currem (:-\EC) approaches Lilt! northcust coast of \linJanao from the ca~t 

anJ bifuricates into a northern flowing branch and a south~:rn Hawing branch. The 

southern branch, running from approximately 10°:-\ to 3°:\, is the \'lindanao Current. 

The ~vlindanao Current flows along the coast of Mindanao, and at its southern tip, also 

splits il}.to two branches. One branch J1ows southwestward over the ridge connecting 

Celebes anJ :\linJanao (Celcbes-:Vlindanao RiJgc) wh.ile the second branch continues 



southward along the ridge. The South Equatorial Current (SEC) also appro<.tdu::s from 

the east along the northern :\"cw Guinea coast and at the north\\"cst tip of 1\:ew Guinea 

scparatt:s into two br<.1111:he~. The nollhcrn brand1 then n::troJkL·t~ intu the :\unh 

Equatorial CountcrL·urrcnt (:\ECCJ. Th~ sc~:onJ bran~.:h ~:ontinucs on b~tm.:cn :\cw 

Guinea and I ialmahera until it reaches the lslanJ of Ccram. \\·here a ~econd bifun.:;.nion 

takes place, \\"ith one branch emering the llanJa Sea anJ the other Hawing northward 

into the :\Iolucca Sea. This latter branch eYcntually enters the Pacific Ocean through 

the \lolucca Passage, converges with the southward nowing \lindanao Current, and 

retronects into the ::'\ECC. 

The southwest nowing extension of the :\linJanao current wllicb enters the Celebes 

Sea divergeS into three separate extensions. The northern extension is \'cry broaJ and 

passes through the Sulu :\rchipl!bgo anJ into the Sulu St.!a. The main extension passes 

through the centr<tl Celebes Basin and into the Ja\'J. Sl!a \·ia the \I<.1Cassar Strait. The 

third extension is a retrolkction of the current along the Celebes Peninsula which passes 

back over the ridge connecting Celebes and \linJanao bet\\'Cen Celebes and the Island 

of Sangihe. This e:\tension flows into the com·..:r£ence zone of the \-lindanao Current 

and the SEC. 

Csing water mass characteristics, and circul,nion patterns, \\'yrtki [\Vyrtki, 1961] 

suggested the presence of senl,j-permant.:nt eJJy featurt.:s ea~t of :vlindanao (\1indanao 

eddy) anJ south of \lindanao (llalmahera Eddy). The exact size of these features is not 

well resolved although the radius is e:...pccteJ to be consister.t \\·ith the Rossby mdius 

measured in the region of-1t)O km[Eml!ry, eta!., 19S~J. The \linJunao eddy is located 

east of \BnJanao at approximately 7°":\, 130°[ anJ is asso~.:iateJ v.'ith the reversal of 

how of the ~onh Equatorial Current (:\EC), the \lindanao Current and the ?\ECC. 

The Halmahera EdJy is located at 3°:'\, l33°E anJ is associated with the conrergcnce 

of the SEC anJ the :"ECC. 

This is a stuJy of the physical oceanography of the region southeast of \1inJan<J.o 

and the now of the \lindanao current into the Celebe~ Sea. The strategic importance 

of this n:gion has been well documented and the effr.:~.:ts of l.esoscalc eJJies on anti

submarine warfare cannot be ovastatcd. f or these reasons the circul<.ttion character

istics described in this study will be important to naval operations. The basis for this 

stuJy will be the six TRISTAR Lagrangian buoy~ launched in the \'icinity of the 

.\lindanao Current, and the AXBT anJ CTO Jata collected in the region by the R;" V 

,1/oana Wm·e. This study \Vill be primarily dl!scripti\'(~ in nature anJ limited to the sum

mer regime, as rcveakJ by tbcsc data. ll orizontal and vertical temperature dl<.trat:ter-



istics for the June-July (southwe~t monsoon) time fi·amc for the region southea~t of 

)..lindanao will be discusscJ. Al~o included will be circulation p<.tttcrns <Js dctcrm.incJ by 

drifting buoys for the entire rcgiou from c~~~ of \linJ:ntao to the \J..~c;...:,~;.1r Strail. 



II. ll.\TllntETin 

This smdy involv~s th~ throughllow of wat~r between basins anJ would not be 

compktc without a review of the bathymetry that hdp!i to gon::rn the flow. Although 

\\'yrtki [\Yyrtki, 1961] proviJes a very thorough Jiss~.:u~sion on the bathym~try of the 

region of this study, his discussion induJcs all southeast Asian waters. Since 

bathymetry topography play such an important role in the magnitude and direction of 

ocean currems and eddies, a more dctaikd discus~ion is proviJ~J here. To avoid nu

merous references to \\'yrtki , quotations will be used. Fig. I, aJaptcJ from \Vyrtki 

(1961) is a depiction of the bathymetry of the region. 

South of \linJanao is the \lolucca I3asin. Its boundaries arc Jd1neJ by a series of 

ridges running between \linJo.nao, 1-Ialmahcra, '\.:ew Guinea, anJ Celebes. "The bottom 

of the basin is divided into liw ~maller basins whkh have Jepths bet\\'ecn 3...100 m and 

..1 SOO m." The \lolucca 13asin is closed on the east by a riJgc running between 

IIalmallcra and \linJanao with a sill J~.:"pth of 2.3-W m. To the south, the bounJ.:uy of 

the basin is dd1ned by a ridge running between Celebes anJ '\.:cw Guinea containing the 

islands of Taliabu, :Vlangolc and Obi. "The deepest threshold through this ridge is the 

Lifamatola Strait (located between \langole and Obi) with a sill Jcpth of ISOO m, which 

gon~rns the rcplacem..!nt of the bonom water of all basins south of it." Compkting the 

closure of the \lolucca Basin is a ridge connecting the Cckbcs Peninsula with the 

southern tip of \I indanao. This ndgc includes the islands of Siau anJ Sangihc and has 

a controlling sill depth of arounJ 1...100 m. 

Further to the we~t of the \loluccJ. 13asin is the Cek!bcs Basin which has as its 

eastern boundary the riJge connecting \linJcmao and Celebes. This basin is rcbtivdy 

flat and has a ma.\imum depth of 0~ ~0 m. The northern boundary of the Cckbes b<.tsin 

is the Sulu Archipebgo; "this is \cry shallow in large areas and consists of numerous 

coral banks." "Two channels, on~ east ofJolo \Yith a sill of about ~00 m Jerth, a"d an

other east of Sibutu, with a <:.ill of about 170 m dq)[h, form slightly deeper but Yery 

narrow thre~ho!Js." The we!itl!rn bounJary of the Ceh:bes Uasin is tht.: cast coast of 

Borneo and the closure is completed in the south by the Cckbes Peninsula. 

Providing for the paS'l~tge of water out of the Cdcbcs Sea, to the south, is the 

\lacassar Strait. Located between Uornco and Celebes, the central tren~.:h through this 

pass<.Jgc is around 13uu m in Jepth. 



The Philippine Basin, located. to the east of \1inJ.:.inJ.o unJ to the north of :\c\\' 

Guinea, is the region of the \'lindanao cJJy. S!.!paratcJ from the ~ew Caroline llasin to 

the south b{· a riJgc running Ji·uu1 11-thnalh:J\L through the P;,d.Lu l ~t.uJd~ tu Yap, it~ 

deepest depths of lO,OUO marc founJ in the Philippine trench. Loc;.ttcJ at ~tpproxim;:ttely 

8.5°?\, 131 oE is a seJ.mount which shoals to a depth of 3000 m. 



figure 1. Bath)'lllL'tric Chart of the Surn:y R~:giun: (uJu.ptL:J from \Vynk.i, 196 L) 



Ill. LAGRANGIAN DRIFTER 1\IEASUREJ\IENTS 

A. 1\IINI-TRISTAR DRIFTER 

The Jata used in this study is a combination of te.:mporal and spatial data anJ, as 

mentioned earlier, consists of drifters, AXBTs and CfDs. !Jere w~ discuss the measure

ments made by the surface drifting buoys. 

Since a measurement of surface currents was desired, it was important to use a sur

face drifting buoy (subsequently called a "drifter") \\:hich would closely couple to the 

surface waters and minimize the effects of wind ami waves. The buoy chosen i!> called a 

.:\Iini-Tristar (Fig. 2) and was manufactured by Techo~ean Associat~s. The drifters fea

ture small spherical surface and subsurf<lce Doats and u. large symctrical drogue in the 

shape of a corner-radar rcilecror [Poulain ct al.,llJS7]. The surface iloat was designed to 

remain on the surface at least 80% of the time, while the subsurH.tce ilou.t was designed 

with only weak negative buoyancy. This combiuation allowed ~bck to develop in the 

cable which connected these two flo;.tts. This woulJ allow the drogu~ to mon~ horizon· 

tally through the water with the vcnicu.l motion of the surface float decoupled from the 

horizontal subsurface motion. However, under strong wave forcing the surlb.ce Jloat was 

observed to submerge (both in lidd tests anJ in a laboratory wave tank). The resulting 

buoyant fore!.! of the surfu.ce float would "take up" the slack in the line causing a dra· 

matic vertical oscillation of the drogue (Fig. 3), as the Houts become coupled. Fortu· 

nately, the slippage is minimal. A detailed discussion of the characteristics and design 

of the TRIST.·\R drifters is given by ;\iikr (1987) [:\iiler, ct al., 1987]. 

B. DRIFTER ~IEASUREMENTS 

The buoys were trackeJ from two polar-orbiting J\0.-\A satellites, using a system 

called ARGOS. The ARGOS system has been described by Poulain. [Poulain et al., 

1987, p. 3]. "Positions were determined from Doppkr·shiCtcJ radio signals. The ficlJ of 

possible positions for a buoy is in the form of a h;.df-cone (Fig.-t) with the satellite at its 

apex, tbe satellite velocity ve~.:tor as axis of symm.ctry, anJ the ap~x h<.df-angle (A) such 

thut: 

cos(A) ~ [(fr-le);feJ x c:V 

where: 

c = speed of light 



V = satdlite speeU relative to buoy 

ft = t ransmission frequency, and 

fr = receive fre~..rucm.:y. 

The intersections of the various location cones with the ocl..!an surfac l..! gives two possible 

posit ions of the buoy. AdJitionul information - previo us loca tions , range of possible 

speeJ.s - is required to find which of the two positions is correct." 

The location quality of the fixes rcceiveJ. fro m service ARGOS wus based on the 

length of the satellite pass, the control over oscillator st<:J.bility, gl!ometric conditions, anJ 

how rapid the con••ergence of the fix wa s in the least-squares computation. Thl! conU.i

tions encountercJ. Juring this stuJ.y proviJcJ, in most cases, a 68% conliJ.ence interval 

that the fi x was accura te to within 350 m. In many instances tile fixes were accurate to 

within !50 m. AccorJ.ingly, the po~itio n data rcquircU only manuul smoothing by re

moving obviously baLi fixes. Th is was Jane by plotting the trajectories using the raw data 

and then eliminating those fixes which were clearly in error. In one instance, Buoy 53, 

a simple 5 point triangular filter was uscJ. to adequately n:solve the initial recirculation 

it unJ.crwcnt in the ~l indanao [dJ y J uring the lirst month of the reco rJ.. A J.J.itionally, 

due to problems with the buoy trammit term..inal oscillator, approximat l!ly ~:ight days 

of record were lost in the early part of Buoy 51's reconl. The temperature :.tnJ. 

submergent..:e time of the buoys was also (.;Olkt..:t~J anJ were fdtcreJ using a cosine run

ning mean filter. 

Initial processing of drifter U.<.tta was J onc by service A RGOS. They proviJ.eJ. 

monthly data tapes which containeJ. loca tion da ta a s well as tempera ture and 

submergence recorJ.s. The buoys in the study averaged 5.11ixcs per Jay. For each of the 

location fixes the quality was J..::tcrmincd by sen icc ARGOS. To obtain positions at 

stanJ.arJ. times a lincar interpolation wa:> uscJ. on the position J.at<.~ to obt"in p osition s 

every twdvc hours. Yelocity time st:ries were obtaineJ from these intapolatcJ. positions 

and then smoothed ming a 2.5 Jay ruuning mean filter. 

C. LAGRA:'>GIAN TRAJECTORIES 

The buoys were launchcJ. on 16 July anJ. betwcen 22 anJ 23 J uly, 1988. The longes t 

and shortest recorJ.s were 109 anJ 17 days, respct.:tiYdy, with an average record length 

of 70 days. In order t o obtain measurements of the shear across the :\ linJ.ana o Current, 

buoys were launched ~dong lines pcrpcnJ.icubr to the current ut 8°:\ cmJ 7°:\, with the 

position of the currl..'nt dc termincJ. by shipboard mcu surl..'mcms. Table I li sts the exac t 
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Figure 2. 1\liNI-TRISTAR Drogue and Surface Float Configuration 
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figure 3. Sdu:matic of th~ OLI~l'rred !\lotion of TRIST AR in Surface 

Wa1es: (from ="iikr, ct a!., 1987) 

Jares anJ locations of launch in aJJition to the recorJ kngth of each buoy anJ their 

failure moJc. 

I. Buoys launch~d along 7°~ 

u. Buoy 52 

Buoy 52 was laun~:lled on 16 July about 17 km cast ofTugubun Pt. on the 

south ea~t corner of \Iindanao in approximatdy -l5UU m of water (Figs. 5 and 6). Its 

initial trajectory was to the southwe~t at a spccJ of 100 ~:m."s. By 19 July (Julian 2UO) it 

had slowed to-W em 's as it began to pass over the Cdcbcs-:\lindanao Ridge. In moYing 

over the ridge, the water depth shallows to a minirnum of ISO m. Then, on 20 July, it 

backs to the southeast, nearly running aground on the small island of P Kawalusu lo

cated at -l.3°:'\, 125.-loE. On ::!2 July the buoy wa~ e~tablishcJ in~~ re~:in.:ubtion p1.mcrn 
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Figure -1. Geometry of Location Cakulatiuus: (from Poubin et al., !987) 

to the northeast and pJssed 22 km northcust of SJngihc through 150m of water. The 

buoy then continued towarJ the islanJ of P Karakelong, then rapidly backed further to 

the north until it cleared the islanJ on 28 July (Julian 2U'}J. Lpon i!!land passage, the 

buoy veered eastward and continued its drift into the :\ECC, and then accdcrJ.teJ to 120 

Cnl'S, the brgest speeds obser'ted by this \Vhich \n:re the largl..!st speeds obscrvl.':d by this 

buoy. It then recurveJ to the southeast, s!owi11g 10 115 ems. On I August (Juli:m 213) 



Table I. DRifTER NEC IWLO G\' 

BLOY Dat~ of Ll)-.:atiun of RL'~orJ ~-~tilun: 

launch bunch kn:!th mode 

Buoy 50 23 July 88 7.958°:\ 48 Jays Lost 
126.556"E Drogue 

13uoy 51 16 July 88 6.lJS3" ~ 33 Jays Lo~t 
127.)04°[ Drogue 

Buoy 52 16 July 88 6.944°:\ 53 days Lmt 
12<dd9"E Drogue 

Buoy 53 :!2 July 88 7.983°:\ 220 Jays Ground~d 
127.Y5S~E 

Buoy 5-t 22 July SS 7.990°:\ 17 days Picked up 
126.975°E at Sea 

Buoy 55 16 July 88 6.86( 0 :\ 63 Ja~ s Grounded 
126.SIWE 

it em~.:red an antiqdonic oscillation in the Philippine Sea. \\'hen the buoy reached 

r~. 13-t"E it slowl.!d to 60 ems and bc:gan a cydonic rccirculatio.:. It completed a 75 

km radius gyre, maintaining 60 <:m 's, by 23 August (Julian 235) ilnJ then began a second 

anticyclonic trajectory. A quarter of a p~rioJ into this oscillation the buoy is lost on 17 

September (Julian 260 ). 

b. Buoy 51 

Buoy 51 (figs. 7 and 8) was launched on 16 July about 75 km eas t of Buoy 

50. Its initial trajectory was to the somh at -l-l cnt, s. On IS July it began to slow to 20 

em. s. At this point, the buoy transmit terminJ.I o~ciltaror faikJ. The oscillator began 

functioning again on 2S July (Julian ::!09), and the buoy was located at 6.7°':\., 129.-loL 

The buoy began circulating to the ~outh and east in a cycloniL: pattan at 66 em s. h 

continued in this pattern until ){}August (Julian 231) when it slowcJ to 7 em. s before 

sharply t1 ~nin£ back. to the west. The buoy was b~t tracked at 6.3"'~·. 133.6cC. It was 

lost on 2t) August SS (Julian date 232). 

c. Buoy 55 

Duoy 55 was launched on the axis of the \hndanao Current on 16 July and 

inunediately began to drift to the south\\·est at a speed of 90 em s. \\'ithin 2-l hrs it had 

passed within 5000 m of Cape .-\ugu~tinc and began to pass over the Cckbcs-\limianao 

RiJge wherein ir briclly maintJ.ineJ a speed of SO ems {Figs. 9 anJ 10). By 22 July it 

13 
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Figure 5. Lagrangian Trajectory of Buoy 52: Julian dates mark the beginning and 

end of each record anJ a square is placcJ as a marker J'or 12z every sec

ond day. 

had cleared the ridge anJ began to slow. During one 2-+- hour period between 2--t anJ 25 

July, the speed dropped to as low as::? cm·s. On 26 July the speed increased to 25 em 's 

and the buoy begun to drift back to the south. eventually completely retroflectcd back 

to the cD.st and then drifted along the coast of the Celebes Peninsula, passL,_ within 5000 

m of landfall. It beg2.n to move back to the north on 15 August (JuhD.n '.:.2.1) and, after 

two days, along this track it tumeJ sharply to the west. During this evolution, the buoy 

maintained a speed of 25--+0 em ·s with the exception of a brief period on 17 August 

(Julian 229) when it slowed to 12 cm.' s. By 19 Augu!!t the buoy had compktcJ an O::)cil

lation with a radius of 150 km, had accelerated to 80 cm,' s and was moving towurd the 

southwest extreme of the Sulu Archipdago. On 23 August (Julian 235) it passed within 
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Figure 6. Buoy 52 \'elodty Time Sl•riL·.,: \'clocities were cakuL.HcJ from in-

terpolated trajcctori~s and then filtcreJ using a 2.5 day triaugular run

ning mean. The J<1shcJ line is tho: v component, the solid line is the u 

component and the chain-Jot line i!) the moJulu!.. 

10 km of the Subutu Passag-e through the An.:hipelago but man<.~gcd to maintJ.in its 

traje~.:tory around the Celebl!s basin. It evemually moved back to the south within 10 

km or the coast or Borneo. On 31 :\ugust the buoy entered the \L1cassar Strait. On the 

dJ.y prior ro entering the Strait, the buoy had reached its maximum sustained speed, 1 ~5 

cm·s . .\loving through the \Jacassar Strait, the buoy meandered along the 1~00 m 

isobath with a \\'a\·clength of 500 km. During the last 5 days in which the buoy transited 

the Strait, it maintained a consistent 35 cm·s !)pe!.!d until it apparently lost its drogue, 
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Figure 7. Lagrangian Trajectory of lluoy 51: Julian dates 1nark the beginning and 

end or each record and a square is pbct.:J as a marker for 12z every sec~ 

and Jay. 

having either run aground or been trapped in 1ishing nets, on 18 Scpti!mbcr, as it was 

entering the Flores Sc.:t. 
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figure 8. Buoy 51 \'elucity Tim(' Series: \'clocitics were calculated from in

tcrpol.:n~J trajeL:lDri~s and then filt.:rcd using a 2.5 day triangular run

ning m~an. The du~hcJ lin~ is the \" component, the soliJ line is the u 

component anJ the chain-Jot lin!.! is the modulus. G<.~p in recorJ rcl1~cts 

fail uri! of buoy transmit terminal oscilbtor. 
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Figure 9. Lagrangian Trajectory of Buoy 55: Julian Jates mark the beginning anJ 

end of each record and a square is placed as a marker for J2z every sec

ond day. 

2. Buoys launched along S0 N 

tl. Buoy 50 

Buoy 50 was launched on 23 July, 1-J. km northeast of llingai Pt. on 

.\,Iindanao and moved to the sout H 120 cm:s on the inshore side of the .\'lindanao 

Current. During its lirst day of drift, the buoy passed within -+000 m of Pusan Point and 

then continued to the south (Figs. 11 anJ 12). On 2-J. July, J.t approxirnately 6.9°:\, 

1:26.5°E, the buoy veered to the southeast and slowed slightly. On 25 July, the buoy be

gan to drift f.::trther to the southeast and passed Cape San Augustine 3500 m to the 

southwest. Continuing to the southwest, the speed varied rrom ~u to 50 em' s as it 

passed over the Cckbcs-\lindan<J.o RiJ.gc at Sarangani Island in ISu m ofw<.Jtcr. For 
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figure 10. Buuy 55 Ydudty Time St'ries: \'clocities \\..:r..: co.lcuL.~t~J frorn in-

tcrpolatcJ trajectories and then filrcred using a ~.5 day triangular run

ning m~an. The Ja~h~J lin~ is tho.: v componerH, the soliJ lin~ is the u 

compon~nt anJ the (.;hain-dot line is the modulus. 

the next few days the buoy continu~J to mo\'C to the southwest with little variability in 

specJ. Then on 3 August, the buoy sloweJ to lO em s as it cn11.::r-:J a small cyclonic os

cillation at 3°:\, 12~.5gE. Lpon completing this rotation, the buoy mon:d to til~ nonh

w~st at 30 ems on 8 August. The buoy approachcJ wihin luO miles of the Sulu 

Archipebgo, and then turned to the southeast. follO\\·in g the -IUUO m isob<.tth. 

As the buoy approachcJ the entrance to the :\'l acassar Strait, its velocity 

accelerated to SO ems. It pa~!>t:J the entrance on 30 August (Juli~m ~-12) <.tlld then pa!losed 
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within 2000 m of the northern tip of Celebes wherein it turned nonhwarJ into the Cen· 

tral Celebes Sea. ""car 2"N, 1:!1°[ the buoy spceJ w::ts 5 cm·s. The speed bridly in

creased to 16 ern ·s two Jays prior to tht: buoy be ins lo~L 011 II Scplt.:Hlhcr (J utiau ~.1-l). 

b. Buuy 5~ 

Buoy 54 was launched on 22 July on the axis of the \hndanao Current, as 

determined by shipboard measurements (Figs. 13 and 1-t). 1t initially moved to the south 

with a speed of 80 em: s. An interesting a~pc~.:t of this buoy· s trajectory can be made by 

comparing its movement with the movement of Uuoy 52, whid1 was launched 7 days 

earlier anJ LO the southeast of Buoy 5-t's launch site. The relative positions of It was 

expected that , based on the relative positions of their" two trat.:ks, lluoy 5-t to the north 

and west of Buoy 52, Buoy 5-t would retroflect back lO the northeast in a manner similar 

to lluoy 52. Contrarily, Buoy 54 continued over the Cclcbes-:Yiindanao Ridge <:.t a speed 

between 50 and 70 cm.'s. In the process of passing O\'cr the ridge, the water depth shoals 

to 150 m and the buoy passed within 1000 m of the small i~lands of P Kawio and P 

Kamboling, located 9U km norlh of Sangihc. By 25 July, the buoy acceh::rateJ to IUO 

cm.'s and is continueJ along a path sirnitar to the path of lluoy 50. \\'hen the buoy 

reached the central Celebes Sea, it had slowed to 50 em-s, it was beginning to move to 

the south when it was picked up on 10 Augu~t (Juli~n 222) by a sl1ip and taken to the 

southern coast of \"lindanao. 

i', Buoy 53 

Buoy 53 wus launched on 2~ July, east oCthc .\linJJ.nao Current. This buoy 

has the longest record (220 Jay~) and spent its entire time in the Philippine Sea (figs. 

15 through 19). Initially, it mo\·ed in a slow elliptic;.1l p~th, with the major anJ minor 

axis of this circulation 100 km anJ 50 km, respectively. lt remained in this circul<.~tion for 

the first '-12 Jays of its history mm·ing at ~reeds between 10 and -tO em s with o..:casional 

accelerations to speeds as high as 70 em, s. The center of this circulation \\'as 7c?'\, 

I~S.5cE unJ most likely captures the sign.:nurc of the center of the \IinJanao EJJy. On 

2 September (Julian 2-tS) the buoy began to move to the southeast and slowly acccler· 

ateJ to 80 em's : 22 Sept, at \Vhich time it moved east\rarJ in the ?\ECC. \Vith its 

speed as high as 50 cm,· s to 100 cm:s, the buoy continued to the cast reaching 1~1.7oE 

on 8 October. At this point it moved to the north, and then northwesterly. On 7 "'o

vcmber (Julian 311) it had completed a retrolh:ction to the west It then traced out a '-100 

km wavelength oscillation to the north, with typical speeds of 25 to 30 cmo's, passing 200 

km east of Palau, and entering the flow of the :\EC. Once in the ~EC it moved 

westerly, passing through a 6:50 km warclcngth oscillation. Speeds in the :\EC varied 
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Figure II. Lagrangian Trajcdury of Buoy 50: J ulian dates mark the beginning 

and end ofeac'h rt.::corJ and a square is pb~cd a!> a mJ. rker for 12L every 

second day. 

between 5 and 60 em's with the large~t speed~ at 11°:\", 128oE. The buoy apparently 

drifted ashore or lost its drogue on the hland of Luzon on 26 February. 

D. U.GRAI'GIA:\ VELOCITY CO RR ELATI ONS 

The Yclocity time series were linearly interpolated using a gn:,t t ci rcle solution. 

Similar to the method used by Poul\.lin tpoulain. eta!, 1 ~87, pp. 4), the smooth (2.5-day 

running mean filter) velocity time series were uscJ to calculate the mean velocities Lr 

each drifter. from the mc:Jn velocity, a residual velocity J:Jta set \\'as computed and 

used to calculate the correlation functions. "Lagrangian time lagg.:: J velocity corre

lations were then computeJ by averaging time lagged vdocity products from indiYidual 

buoys." Lsing auto-corrdation function and cross-correlation function~; 

R(L), = L1L"(r)C(r +<)I 
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figure 12. Buoy 50 Velocity Time Series: Velocities wer~ cakulated from in-

t~rpolatcd trajectories anJ then filtered using a 2.5 day triangular run

ning m~an. The JashcJ line is the v component, the solid line is the u 

component and the L·hain-Jot line is the modulus. 

R(f1, ~ L] V(1)V(1 + <)] 

R(UV), ~ E[F(i)J'(i + T)] 

R(VLi)_, ~ EjU(i)J'(I- <)] 

where t is the time lag. These functions arc shown in Figs. 2U through 27 with redun

dant h<.dV!.!s of the curves,dut: to symmctry,omincd. L~ing the \ducity time serii!s and 
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Figure 13. Lagrangian Trajectory of Buo}" 5..t: Julian dates mark the beginning 

and end ofea<.:b. re<.:ord anJ a syuarc is placed as a marker for 12z every 

second d~y. 

the corrcbrion functions, Tables 2 anJ 3 were constrU(;tcd to compurc the mean veloci

ties, variances anJ eJJy kinetic energy ([KE) per unit mass of ea(.;h buoy. 

I. Philippine Sea 

Buoys 51, 5~. anJ 53 rcmaincJ in the Phillipinc Sea. Their Lagrangian velocity 

correlations (figs. 20 thru 2~) show that most of the differences discernible between 

these correlations arc dcpendcm upon their launch position and i11itial movement. lluoy 

51 has the highest variance and energy associat~-.:J \\'ith it, however; it\\'<-!~ initially in the 

strong flow of the .\Iindanao Current. If the dli!cts of the current arc remoYed (fig. 22), 

we see a correlation more do~dy n.:~cmbling th..: otiH.:r m·o buuy~. (Figs. 2U and 21 ). 

This also leads to a velocity modulus of .. un ems which compare more closely w Buoys 

51 and 53. For all buoys in the Philippine Sea, th..: energy is concentrated in the zonal 
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figure 1-1. Buoy 5-I Velocity Time Series; Velocities were calculated from in-

terpolated trajectories anJ then filtered using a 2.5 day triangular run

ning mean. The dashed line is the \' component, the solid line is the u 

component anJ the <..:hain-dot line is the modulus. 

direction, c\"cn for Buoy 52 which \\'J.s in the southWI!::.tcrly flow of the :\lind<.~nao Cur-

rem. 

The most significant difference in time scalc!oi is tlw.t of Uuoy 53 , Fig. 23. The 

early part of this buoy 's trajectory was trapped in a slow oscillation (probably the center 

of the Yfindanao Eddy). with a time scale 30 days. llowcvcr, if the early pan of there

cord from this buoy's velocity time series is removed <.md the corrdations (Fig. 2-l) rc-
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Figure 15. lagrangian Trajt·~.·tory of lluoy 53: Julian Jc.ne~ mJ.rk the beginning 
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second Jay. 

computed, the result is a time ~cak of the order of 10 Jays, whi..:h is exactly what was 

ob~er\'eJ for Buoys 51 and 52. 

2. Celebes Sea 

Buoys 50, 5-1, and 55 all entered anJ remaint!J in the Celebes Sea (Figs. 25 

through 27). The slightly lom.!r kinetic ~:nergy of Buoy 50 is assm:iatcd with the small 

oscillation it UJH.lcrgot!s between 3 Augmt anJ 8 August. Regardless of this oscillation 

the total kinetic cn~.:rgy of the buoy i~ oftht! order ofm~1gnitudc of Buoys 5-l anJ 55. The 

energy of the buoys appears to be cH~nly distributed between thi.! north-south and east

west planes with thl.! exception of Uuoy 5-I whid1 '.\'Js pit"keJ up <.tt sea just as it began 

a southwarJ e.xcursion. For all thn:e ~.:a~es in the Celebes .Sei.l, the Yclocity time sc;.dc~ 

of ten days is the same as that JOunJ in the California Current sy~tcm by Poulain 

(Poulain, l!l al., 19S7). 
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figure 16. Buoy 53 Velodty Time Series Day 206-270: Vdociti~s \\·ere calculated 

from interpolated trajectories anJ th~n filtered using a 2 . .5 day triangu

li.!r running me::~.n. The dashcJ lini! is the v o;.:ompon~nt, the solid line 

is tb~ u component anJ the chain-Jot line is thi.! moJulus. 

E. LAGRAI\GIAN TE~IPERATURES 

Sea surface t~mperaturc was measured im:iJc the surface float by a thermistor im

bedded in a st<:ti.nless steel bolt which passl!s through the shell of the float beneath the 

waterline. The measured temperature exhibited Jiurnal changes ranging from 28cC to 

33cC (sec Appendix B). It is not ccrt<:tin whether this dium.::tl varii.!bility is re~1l or not. 

For example, on a calm day, the surface lloat might absorb more of the sun's radiation 

than the surrounding water. Since there was no w:.1y of compensating for Jilfcrcntial 
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tigun.• 17. lagrangian Trajectory of Duo)' 53: First 53 Jays \\·hilc in the 

\linJanao EJJy. 

heating ofJhe surface float and water, and my m;.tin intcrc:sts m~re the larger scale, lower 

frequency patterns, an attempt to remove the Jiurnal variability was maJc. This was 

done by using only the mean m..inimum daily temperature for each buoy. On average this 

woulJ be a recorJ of the mean nigh time ~ea ~url~tcc temperature anJ the Jiurnal effects 

wou!J be JiltercJ out. These temperature rccorJsas a time series are prc!>enteJ in fig. 2S. 

It shou\J be kept in mind that the reconJ is also a spatial series. 

In g~.:ner.:\1, the mean temperature variation~ between buoys is small. The temper

ature spreJ.d is usually between 29oC ami 29.5°C especially bctwecn 7 Augu~t (Julian 

219) and ~y August (Julian 2--11 ). I -lowe\ er, mo~t buoys experienced anomalous high and 

low temperatures. for example, Buoy 55 (launched on the inshore side of the .\Iindanao 

current) h;.td an initial temperature of 28.1 o C, considerably lower than the other buoys 

launched on the inshore side. This could be explained by Jeep water upwelling along the 

co<.~st Jue to the prevailing southwest monsoon winJs. The large Jrop in temperature of 
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Figure 18. Buoy 53 \'dudty Time Scrit..'s Day 270-350: Vdociti~s were calculated 

fi-om interpolated trajcctoril.!s anJ th~:n filtered using a ::!.5 d;..ty tricmgu

lar running mean. 

Buoy 52 (launched inshore and north oflluoy 55) as it drifted to the south, on 3 August, 

(Julian 215) also suggests the presence of c.:oldcr wawr along the shore. lh:twcen August 

16 (Julian :228) and August 2g, Buoy 55 e.xpcrienccd unusu<.11ly high temperatures of 

29.5oC and 29.6°C. During these cpisod.;s, l3uoy 55 also experienced brief but sm<J.ll ac

celerations in its spced. This suggcsts that the increased temperatures oc<..:ur in con

junction with a strengthening of the temperature gradient in the Central Celebes Sea and 

along the coast of the Celebes Peninsula. On September 8 (Julian 251), as Buoy 55 is 
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Figure 19. Buoy 53 \'elud ty Time Scrit:~ Day 3~ U-·-DO: (Julian days grcat!.!r than 

366 are in reference to t9S9). \'clo<.:ities were <.:akul~ttcJ fi·om interpo

lated trajectories and tht:n filtc:rcd u~ing a ~.5 Jay triangular running 

mean. 

beginning to entLr the: nares Sea, it cxpcri~nccJ a rapid t!.!lllpl!raturc dccrC<ISI! from 

~~-" o c to 28.6°C. 

Between 27 July {Julian 20S) and I :\ugu")t, ,Buoy 50 c:\pericnccJ a marked increase 

in temperature from 29.5°C to 3UA0 C. At the same time- , Buoy 50 :.~ccdcratcd from 30 

ems to 50 ems and was loc:.~tcJ at o:~ .r~. 12-l.5° L :\ spct.:ulativc c.\pbnltion for this 

m:.trkcJ increase in temperature and the cotH.:urrcn t accelerati on coulJ bl.! that this lo-

2') 
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cation mark..s the boundary between the water mass of a south equatorial Pacific intru~ 

sian and the resident Celebes Sen water mass. 

Buoys 52 .1nJ 53 both entereJ the :\ECC after separating from the influence of the 

Mindanao and llalmahcra [JJies around 2~ August (JuliJn 2.36) J.nd iuuneJiatcly ex

perienced a warming from 29.5oC to Juoc 

showing that the core of the :\ECC is likely marked by a mcridioual temperature max

imum. In both cases this warming is concurrem with accelerations in speed. In the case 

of Buoy 52, the speeJ increases from 3U cm·s to SO ems by 29 Augw.t. Buoy 53 experi

enced minor warming episodes on .;.J, 12, anJ 17 September and in each case there was 

a concurrent acceleration between 5 anJ lO em s. 

F, SUI\11\lARY 

It is Jillicult to generalize ~.:ircubtiun patterns from only six Jri ,ers. !'\evertheless, 

I will try to sunm1arize these results. In relation to the \1indanao Current, three drifters 

were launched on the inshore side, two were launcheJ on rhe seaward side, and one was 

launchcJ on the axis. The buoys laun~:hcJ inshore or on the axis all moved initially to

wards the Celebes Sea at speeds in excess of 100 cm.'s anJ with kinetic energy about 1000 

(cm/s) 2• \Vhile the buoys launchcJ to the seawarJ .siJe ;..~bo haJ a high energy rdative 
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to midocean values, the energy was consiJt.:rably k!::.s, (0(500)), than the \lindanao 

Current. \\'ith the exceptions of Uuoys 50 anJ 55, both launchcJ inshore , the energy 

was preJominately associateJ with the zonalllow. In the ca!::.es of lluoys 50 anJ 55, the 

energy was e\·cnly Ji~tributcJ between zonal anJ mcriJional flow. Tht.! timc-averagcJ 

mc~n velocities also rcficL·t this Jistribution of energy. At the surface the \lindanao 

current was !::.trong and nctrrow. 

The trajectories of Uuoys 50 anJ 55 suggest that the Celebes s~a \\':J.S dominatcJ by 

a large c: clonic gyre in the centrJ.l basin anJ a suong southeasterly currellt along the 

coast of Borneo which bifurcatt.!S at the cntn.1ncc to the \JJ.cassc~r Strait. Uuoy 55 which 

reaches a ma:..imum su~taincd spccJ or l-15 ems p<.~sscJ within 50 hm of the coJ.st of 

Borneo and then enters thc Strait. Buoy 50 n::a!.:hcJ a m<.~ximum sustaincJ speed of SO 

em. s, approat.:hcJ the coast of Borneo 00 km furthcr to the east, anJ then bypasseJ the 

entrance to the Strait anJ moved north\\·arJ in the Cekbcs Sc~. Surl':.lce Jlow into the 

~lac~ssar Strait scemcJ to be ro.:.:.trictt:J to wutcr~ dose to shore anJ northwest of the 

Strait. 

The trajectories east of \linJanao rc\·cal thrce distinct circulations. The \lindanao 

edJy center \\'as locateJ at 7'~":\., 128.5°[, as inJicatcJ hy the imitial trajectory of lluoy 

53. Buoy 52 completes a anticyclonic o.:.cill . .njon "ov.:r th~: top" or Lhe llaimah.::r;L EJJy 
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Figure 22. Buoy 52 Lagrangiau Velocity Correlations: Days 220-250, computeJ 

after removing effect~ ofth~ \tlinJ;.mao Currem 

and then makes an additional cyclonic circulation further to the east revc.1ling the com· 

plexity of the circulation associated with the origin of the :\ECC. The strongest How 

was encountered at 5":\, 128"[. This is a region of a front between SEC anJ i\EC de

rived waters anJ will be disl:usscJ in the next section. 

32 



~ 

~ 
;:; 
8 

f" 

2 5 00.0 

2000.0 

1500.0 

1000.0 

500.0 

0.0 

-500.0 

-1000.0 

-1500.0 
-50.0 - 30.0 - 10.0 10.0 

Tl>!E LAG (DAYS) 
3 0 .0 

Figure .23. Buoy 53 Lagrangi;m \ 'eludty Corrdatiom: Days 20-1 ··-12-1 

50.0 

250o.o,----- ----------,---------------, 

2000.0 

1500.0 

1000.0 

~ 500.0 \ 
8 

-500.0 

-1000.0 

- 150o.o +-----~-----~---'---~-----,------J 
- 5 0.0 -3 0.0 -10.0 10.0 30.0 5 0 .0 

TTh!E LAG (DAYS) 

Figure .2-1. Buoy 53 lagrangian \'elodty Correlations: CompUleJ after removing 

tht: dll:n~ of tlu.: .\l inJ;.mao Lddy. Duys 20-1 -257. 

JJ 



"' ~ 
:E 
B 

"' ~ 
:E 
B 

2500.0 

2000.0 

1500.0 

1000.0 

500.0 

0.0 

-500.0 

-1000.0 

-1500.0 

2500.0 

2000.0 

1500.0 

1000.0 

500.0 

-500.0 

-1500.0 

-50.0 -3·0.0 -10.o 16.o 
TIME LAG (DAYS) 

figure 25. Buoy 50 Lagrangian \'eludty Corrdations 

\ 

f\,~ -0 ' ' : 
-'v/ \ y 

\__/ 

-50.0 -3 0 .0 -I G.O 10.0 

TIME LAG (DAYS) 

figure 26. Buoy 5-I Lagrangian Velocity Corn:lations 

3-1 

50.0 

~AAL ~~QL-~ 

30.0 50.0 



!:" 

~ 
:;; 
8. 

2:500.0 

20JO.O 

1:i00.0 

1000.0 

500.0 

0.0 

-500.0 

-1000.0 

-1500.0 
- 50.0 -30.0 -10.o 10.o 

TI;!E LAG (DAYS) 

figure "27. Buoy 55 Lagrangian \'elodty Correlations 

35 

R(UV) 
~ 
: :Ji(l lj:: ~ 

30.0 50.0 



30.5 

30 

" 29.5 ... 
w 

"' " \i 
~ 29 

~ 

28.5 

2eL-----~------~------~----~------~----~------~------

190 200 210 220 230 240 250 260 270 

TIME (JULIAN DATE) 

Figure 2S. Lagrangian Daily 1\linimum Sea Surface Temperature 

36 



Table 2. TI;>.IE A\TRAGEO LAGR\r"GIAN ~lEAN \ "ELOCITIES 

BL"OY :\lean L \I 0.:~111 \" .\!.:an 
Yt!locity \'docity S pc~.:J 
(em s) (ems) (cm·s) 

Buoy 50 -13 .9 -9.S 17.0 

Buoy 51 5.-1 . 7.~ 1~.6 

Buoy 5~ 29. -1 ' ' ~ 9. 5 

Ihmy 53 6.6 3.0 7.3 

Buoy 5-l .:!5.7 · 16.-1 30.5 

- IS.6 -~2.0 2S.S 

Table 3. L\GR\-;GI\:\ \"ARI\I'CES AND EDDY KINETIC ENERGY 

Iluoy L \'ariance \' \ ariatH:t! L EKE V EKE 

(cm/s)2 (cm{s)' (cm{s)2 (cm/s) 2 

Buoy Su 9-,Ll "0 ~uU ~15 

Buoy 51 1590 SI6 795 ~OS 

Buoy 5:! 1173 ltJLl:! 5S9 501 

Buoy 53 S7~ IY6 .. r;-; 9S 

lluoy 5-I 126~ 7'J2 635 396 

BuoY 55 1~70 1~76 r.,s 73S 
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IV. AXllT ANO CTU ~IL\Sllla:~JENTS 

The AXBT survey conJU(;teJ by th\! ?\a\·aJ Po~tgraduat~ Scllool in July, llJSS was 

confined to a n:gion southeast of :Vlindanao. Thl! zono.tl anJ meridion;.tl boundaries of the 

survey were I~:\". 7°~ .:~.nd l2<J''E·l300E, rcspcl:tivcly (Fig. 29). Areal co\'eragc was Jim. 

ited by available flight time anJ equipment failure. The region was chosen to comple

ment the ship sur\'ey and to Curther document the mcsoscak \'ariability. The proccssiP.g 

of the 85 profiles used in this stuJy was couJuc.:ted at the :\":nal Postgraduate School. 

\Vhilc 9YVo of the data coulJ be aJcquettely smoothcJ by linearly interpolating across 

bad data points, the remaining 5'% required a cosine running mean filter for smoothing. 

The CTD casts used in this ~tudy were collected during the second leg of the 

\VEPOCS I II cruise. Casts were mo.Je to th~! bon om or 4500 m depending on the local 

water Jepth. The first seC!ion occupii.!J by the R,· V jfoana il'ave w<.~. s from r';\., l3~ 0E 

to 2.5°:'\, 131.7°[, with stations spaced half a degree of latitude apart. The ship then 

proceedeJ to occupy stations along the southwl:st coast of \IinJJnao with the intention 

of mapping the coastal circulation. Stations wen~ occupied parallel and perpendicular to 

the coastline from :\lora Gulf to 7°':\. on the Pacific side of \-lindanao (Fig. 29) . .VIost 

station spacing were 15 nm, ncar shore to \IinJanao. 

Both the CTD sJmpling and processing are similar to that used during the \VEPOCS 

II cruise and are described in the \VEPOCS II data n..:port. [Tsuchiya, et al., 1987j. -The 

data were obtained by a modified :\eil Urown \lark Ill CTD. The CTD dJta were ini

tially processl!d into a filtered 1 ·2 sl!conJ a\·crJgc time-series Juring data acquisition. 

This time series was then pressurl.!-scqucnceJ into 2-Je..:ib;.tr pressure intervals. A spike 

filter was l!mploycd to remo\'(! largl! pressure, t~:rnpl!raturc and conJuctiYity spikes from 

the time-series dura and a "ship-rolr filter was upplied to dis:..dlow prc~sure reYcrsJ!s." 

1 will focus my discussion of these JJta to the therm<.tl structure abo\·e JUO m. Vertical 

proJiks, sections, and horizontal charts will b~: examined to d~:tenninc the geographic 

variJbility and flow patterns. 

A. VERTICAL PROFILES 

The general vertical structure of the region is represented by two CTD profiles (Figs. 

30 and 3 f) selected for comparison at opposite extremes of the sun·cy an: a. One, near 

r":\, 121"£, stJ.tiou 70, acquiri!J on 16 July,l9SS, \\'ils in thl! vi~.:inity of the \lindanao 
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Figure 29. AXllT and CTD Station Locatjons 

Current. The other, Station 32, located nc:ar 3°:\, 131°[, in the vici11ity of the IJalmahera 

EdJy, was acquin:J on S July, 19~S. 

The vertical tc:mperature distributions at these stations show a nOlabll.! diflCrencc in 

the depth and thickness of the thcrmodine. In the southc:rn waters, the thermocline is 

located between ll)Q m anJ 3UO Jepth, wherc<H in the northern \\"<Hers it is loC<Itc:J be· 

tween 3U m and !50 m depth. The salinity ma.\imum represents the Subtropical Lower 

\\"aters [\\'ynki, 1~61J.The nonhern station has a salinity maximum of35 ppt and it is 

located 50 m below the mixcJ bycr at 100m. The southern station has a slightly higher 

salinity maximum at 35.2 ppt <tnJ is locateJ at 200m or 100m bela\\' the nlixcJ layer. 

fl. VERTICAL SECTIONS 

The vertical cross.section plotted ::n 6.5°:'-..; from 127° E to 12S.0°E (Fig. 32), be· 

ginning 100 km from the southern coast of :VIindanao, shows isotherm~ generally sloping 

down toward the coast, consistent with e'1uatorial flow. The grcate:c..t slopes are below 
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figure 30. Vertical Profiles of TL'mperature, Salinity, and Density Anomaly: CTD 

sta tion 7u lo cated at 6.95°:\' l26.7l 0 E 

150 db between r~rE <:~.nJ I27..:1°E, anJ strengthen with depth down to 3W m, which 

was the limit of the ,\XBT. Isotherms 22 °C-2S ., C, aboYe 125m, ~lope up toward the 

coast, evidence of possible upwelling. The 10"C-22.,C isotherms slope down toward the 

east at 128.3.,£ marking the location of the .\JinJanao eddy. Surl~1cc temperatures are 

about 30°C. Tt:mpcratures at 3()() Jb '-li"C kss than woe. 
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Figure 31. Vertical Prom~ of Tempt:'rature, ~almit y, and Den~ity Anomaly: CTD 

station 32 locatcJ at 2.lJ91)~ l 3l.39'T 

The north-south cross-section loc:Itcd along 1291) E (Fig. 33), and the north-south 

cross-section located along 13UI)E (Fig. 3-i) are through the I b.lmahera Eddy. Both of 

these cross-sections have a weaker thermocline gradient than Fig. 32. However, toward 

the north there is a tightening of the gradient whidt more do~cly rc~ cmbks that found 

off the coast of .\lindan<:Lo {rig. 32). The ma;.,.imum ::.urfacc temperature ob~crvcd in the 
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two cross-sections is along 129oE and is Jooc. In both cros~-section~ thcr~ is a broad 

warm core f~aturc between 2.5°:--.: and 5.0°)/. It extends to 3l)O db and the vertical Jis

pla(.:cmcnt ofi~thcnn~ is gr~atcr with d~pth. In th~ wcstcttl Sl'l'lHHl \l.lf .. 1.\_lth~rl' j, ;1 

strongt:r gradient inuncdiatdy bdow the Bli\eJ byer u11d a 300 db tcmpcr<.lture of le~s 
than trc south of 3.3°:\" and greater than trc north of 3.3°:\. The eastern section 

(Fig. 34) in addition to having a weaker gradient below the mi:\ed layer, has considerably 

warmer deep water south of 3.0°?\, l~oc and cool!.!r deep water north of 3.8°:\, 12oC. 

Surface temperatures greater than 30°C arc formed only close to 5°:\ at 129°E. 

C. HORIZONTAL THIPERATURE STRUCTURE 

I have chosen two isotherms to ch;J.racterizc the shape of the thermocline in there

gion, 23oC and 1~ 0C.The 23o isotherm lies close to but below the ntixeJ layer in these 

data. The 14oC isotherm depth is at the bottom of the thermocline. Its depth excccJcJ 

300 m in a few cases but was measured for all casts. 

The depth of the 23CC isotlh::nn (Fig. 35) ranges from 76 m to 169 m. i\t 8°:\ the 

depths incrCJ.SC to the CO;J.St (to about 1-10 Ill), Illi..i.rking t!Je ~[fOil£ SOUthwest flow of the 

:'vlinJan.:lo current. The region of shallow depths extl.':nds ffom the \Iindanao eddy to the 

southwest and is outlined by tht: 110m contour. In the llalrnahera ~.!ddy to the south

east, in the area of the SEC, depths are about 13U m. The .VIindanao eddy, located at 

approximJ.tely 128.5°?\, 7.0°E, is associated with the 23oC isotherm depths shallower 

than 90 m. To the south, across a frontal boundary which :)eparatcs the :\EC water and 

SEC WJ.ter, the I Iahnahera eddy is locati.':J northeast of Ilalmahem at approximately 

129°?\, .:.joE. Associated with this cJdy, the 23oC isotherm deepens to 160m. 

The depth of the l..JoC isotherm (Fig. 3o) ranges from 135m to 320 rn. Patterns arl.': 

simibr to those of the ::ucc i~otherm but arc better dl:fined and stronger. A 20 m con

tour inten·J.l is used her~ while a 10m contour interval is used with the 23cC isotherms. 

The 160 m contour Jt 7°':\., 12Sc[ marks tht: location of the \linJ:mao eddy and is 

shifted slightly to the southwest of the location at 23oC. At go:--,;, tht.: l4cC isotherm 

deepens to 260 m, so the .\Iind.m;J.o currl.':nt i~ strong and ch:arly ddineatcd. Going to 

th~.! southwest across the frontal boundary, the l~cc isotherm Jl.':cpens from 160 m to 

~~0 m. The 1-Ialmahera eddy is m:.ukeJ by isotherm depths greater than 300 m. 

The depth difference between these two isothernb is a measure of thermocline 

thickness and is shown in fig. 37. The dilfcrenccs rangc from 50 to 20m. 

The geographic distribution set:ms somewhat biv<J.riatc: waters from north of the 

equator have thicknesses of about 00 m while tho st.: Ji·om the southern hemisphere hJ\'e 



thicknesses excceJing 120 m. Th~ bounJ:uy b~twccn th~~c- wate-rs is mi.lrkeJ by a ~trong 

gradit:nt. The location of th~ \ l inJomao ~JJy is b~!tt inJic<.~to.:J by lh~.: do~~.·J 6U m con· 

tour J t 6°~, L~S . .5°[ whidt i!> ~lih!ht!y south or th~ lo~.:~uioll inJi~o·:JII:d on th'-' ot h~o·r d1;1rts. 

The cdJy oft llalmah~ra i~ m~rki:'J by d O!tl.'J L"Uiilours with thid ... ui!~!>C~ ex~ci!Jing I t>U 

m. Fig. 38, a composite of all the- buoy tl"ilJCCtoril!s, is incluJed here to show U1c- motion 

of the buoys rdatiYe to the hydrographic.: fl!aturcs. The :\l indanao eddy is J clincatcJ eas t 

of :\Iindanao by the cyclonic circulation completed by Buoy 53. Although the 

Halmahera eddy does not appear on this figure, the amicydonic recurYing pauern across 

the Philippine Sea is consistent with the pre~cencc of a warm core eddy north of 

1-lalmahcra. The cdJy located further to the east at 5°~, 134o.E was not resoh·ed with the 

AXBT data. 

D. DYi'\A,\IJC STRUCTURE 

In order to sec ifthc dynam..i~..· structure in the region could be cah.:ulutcd from AXllT 

data, dynamic heights were cakubtcd for the t\\"o CTD stations discussed above. First, 

dynamic height was L"alculatcd u~ing tlh.' obscn ~u s;.tlinitics and then they were again 

cakul<HeJ using a constant salinity of 3-t5 ppL The results ar~ shown in Table -1. From 

the diJTerence ~.:akubtions in Table -4 a m~n.imum error of 15% in the dynamic ht!ight 

calculation shouJJ be expet.:tcJ when a~sum.ing constant ~•ilinity. This error was ac· 

ceptable for further calcubtiom. 

Csing the CTD Jaw with observed ~alinitics anJ the A:\lll d<ita and an assumed 

constant salinity of 3-4.5 ppt, a dynanUc height lic.:Id \\"as calculateJ for the entire region 

(Fig. 39}. The highest Jynamic heights, 1.-1 Jyn m, arc in the rt:gion to the south where 

the thid.ne~s is at a ma.\imum. Also, the ~tron£ gradient can be st::cn in this ficiJ bcn,·ecn 

the waters from the northern hcnlispht::rc ~uJ the ~outhern hcmi!:>phere. The gcostrophic 

\Clo~ity was calculatcJ at this front to be about 70 em's, about k.tlC thl' Yclocity mc.:.s· 

ured by the drifters. In thl!' northern region, dynamic heights art:: lower, 0.9 to l.O Jyn 

m, and the \lindan~o cdJy docs not have~ strong signature. 

Table ~- DYN \~IIC HEJGIIT CO~IPAKJSONS 

Station 

32 

70 

difference 

Constant Salinity 
Dyn<:mlic llt::ight 

l.~SI5 

1.0568 

.23 

Observed Saliuity 
I)~ nanut.: !Ieight 

1.259 

.n~76 

."!.7 
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V. SUI\11\IAI(Y AND HECOI\11\IENDATIONS 

Prior to the commencement of TOG:\ anJ the subsequent \VEPOCS crUises, our 

understanding of the circulations associatl.!d with the western cyuatorial Pacific and the 

origin of the J\ECC had been based upon ship drift reports and wiJcly separated \Vater 

mass samples. There h<td bet::n no Jircct attempt at measuring the current spel!ds nor haJ 

a large scale effort been maJc to determine the dyn:.:Lm.ic stru~..:turc based on closely 

spaced samples. Hopefully, this study has played a role in closing the gap between the 

hereto iOn:: iniCrcnce and a true obscrvcJ Jcscription of the cin.:ulations associateJ with 

the :VlinJanao and Halmahcra EdJies. 

The rnajor net!J for an increascJ umh:rstanJing of the circulations in the western 

equatorial Pacific arises from its link to unJerstanJing the global climate (El :\ina). The 

first link to prediction is the climatology of the region of concern. This study should 

sen·e as a beginning toward a better understanding of the summertime circlllation in the 

western Cl}Uatorial Pacific. An undcr!itanding of these circulations also has tcu.:tical mil

itary significance to the L'niteJ States. The largest forward deployed ::\a\·al bases are 

located in the Philippine Islands and the primary Uattlc Group P<J.cific-Indian Ocean 

transit route is through the \\·estern equatorial Pa~:ifi~: and the lndonc~ian Archipelago. 

\1oreover, every submarine oJliccr kno\\' S the importance of being abk to predict and 

locate mesoscale ocean eJJics for Anti-Subm<J.rinc \\'arcbre. 

A. SUI\IMARY 

This stuJy has bcl!n an investigation into the circulation associated with the 

:vtindanao and Halmahera eddies in June and July, 19:::iS. The driCtcr data, as sununa

riLcJ earlier, showed a strong cyclonic shear across the \Iiudanao currem as C\'ideuccd 

by the difference between thi.! ma\.imum vdo~;.;ity on the imhore side or 115 em. s (lluoy 

50) and the minimum velocity on the seawarJ side of 20 em ·s (lluoy 53). The buoys in 

the Philippine Sea were o' !rved to interact with three different edJil!s. The \lindanao 

EdJy located at 7°~, 123.~ oE, the llahnahcra EJJy located at -1°).", 129.5°[, and a thirJ 

unnamed eddy located at 5":\, 133°E. lhesl! EJdi~.;s mark the origin of the :\[CC and 

provide a mechanism far recirculation of water back into the J\EC and SEC. 

The buoys that drifted into the Cdcbcs Sea \\"ere all obs.;rred to drift arounJ a large 

cyclonic gyre that dorninateJ the central Celebes Sea. Buoys 50 auJ 5:5 both Jrifted close 

to the coa~t of Borneo and toward the entrance to the .\lacassar SLrait. llowcver, at the 

50 



~ntrance to the Strait Buoy 50 r~tro11ects b~ck to the north anJ Uuoy 55 continu~s 

through the Strait. Both buoys cxpcrienceJ an incrcll.sc in speeJ along the northeast 

coast of Borneo. Buoy 50 with the most !'cawarJ trajecto ry accdcr~1tcJ to SO ems anJ 

Uuoy 55. the' inshore trajectory, <:ICcdcratcJ to 1-15 (,;ill, s. 'L hcsc spccJs arc inJi<.:ativc or 

a strong narrow current along the northeas t coas t of Borneo with divergence to the 

south and north at the entrance to \l acassar strait. This indicates a strong cyclonic 

shear was present across this current in that b uoy scp<t rat ion in the IJornco Current was 

only a bout 50 km. 

From the AXUT sun·ey couJuctcJ by the :\"a\'iil Postgra duate School, the upper 

ocean temperature structure also sho\YS the horizontal extent of these fea tures. I lori

zontal depictions of the 2J"C anJ the l ~"C isotherms clearly iJcn tificJ the lm:ations of 

the \lindanao and llalmahera eJJil.!s at the time of this survey. The most striking fea~ 

ture obserwd from these data was the the frontal boundary be tween the SEC water and 

the :\"EC water as they retrollect then com·ergl! to form the origin of the :\"C CC. Drifter 

spceJs in excess of 120 em. s \\"Crc obscrwJ in this region at approximatdy 5":\", 

lcS.5"[ (lluoy Sc). 

Il. RECO~ I~IEKDATI ONS 

Any conclusions drawn Crom this study have limited stope anJ must be suppk

mcnted with additional research. In this study there has bl!cn no correlation attemptcJ 

bl!t\Wen the buoy trajectories anJ the synoptic wc<Hhcr that occurreJ in June and July , 

19SS. This needs to be Jane. Th~.: seasonal eYolution of the circulations associa teJ with 

tht:se eJdics can only be infcrrcJ until this study is repeated during the northwest 

monsoon season. 

The Pacific~ Indian Ocean throughilow is a st~tteJ objecti\"e ofTOGA and \VEPOCS. 

This study proYiJcd a glimp!>l! of this throughllow Yia the trajectory of Buoy 55. 1 Jow

e\"cr, this is only a sample size of one. f highly reconunenJ thot any subsequent cruises 

to this region be e.\tcnJeJ to incluJe a more thorough inYcsLig:~ttion of the mechanisms 

for the tr~nsp01 t of north Pacific w~tcr to the Indian O~..:cJn. 
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APPENDIX A. AXBT TE~IPERATLII\E 1'1\UFILE~ 

Data collection in support of the 0:\R sponsor!.!d Eddy StuJy o~.:<.:um::J on the 

evenings of II, 12, and 13 July 1988. Over the course of 33.:! air hours logged, 133 Air

borne Expendable Bathythermographs (AXllTs) \VCrc deployed, using channels 12, 14 

and 16. Reserve squadron VP~69 (from Whidby Island, \VA) Jsscts at !\AS Cubi Point, 

RP provided the P-3 platform, as well as significant rcchnicul and logistical suppon. 

Additional coordination and support was provided by VP-17 and the 1'\aval 

Oceanography Command Facility at :\AS Cubi Point. 

The intended coll!.!ction procedure was to install an Airborne Digiwl Data Acquisi

tion System (ADDAS) on board the P-3 and digitally record and perform in situ analyses 

of AXBT measurements. The ADD AS was misrouted in ~hipping and diJ not arrive at 

:\AS Cubi Point in time for schcdulcJ usc, pn:duding its usc in the actual colk<.:tion 

process. The data was recorded via on board BT profile output strip charts, anagrams, 

anJ magnetic tape to be later transcribed on VI IS tape using the ADDAS at the Cubi 

Point AS\VOC, and post-processed at the :\a val Po~tgraduatc School. 

During collection, the average on station altituJe was ~.500 feet and the average 

ground speed \Vas 225 knots. There was approximately a 2g~-0 failure rate either due to 

AXBTs not "lighting oJf', sending a weak. signu.l, or due to a recording l:tilure on board 

the aircraft. 

Included in this appendix arc verti<.:al profik~ and listings of temperature at standard 

depths. The Longitude~ gi\'1.!11 an: Ci.lSt. 
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TEMPERATURE ('C) PRESS TEMP 
o.o '·' 10.0 1~.0 20.0 25.0 30.0 J5.0 

1 29.760 
11 29.1523 
21 29.853 
31 29.A95 
<0 28.405 
50 27.075 
75 23.990 

101 19.867 
125 17.680 
150 15.510 
176 13.507 

'" I I 
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TEMPERATURE ('C) 
10.0 15.0 

soj 

'"I ~"' ( 
~ 

300 

STA.TlON: 14 LAT: 6 49.8 N 
DATE' 7/12/88 

10.0 25.0 JO.O 

J 

LONo 127 27.0 
TIVE' 12112 

JS.O 

PRESS TEMP 

1 29.850 
11 29.567 
21 29.50.3 
31 29.380 
<O 29.290 
50 29.195 
75 27.053 

101 20.907 
125 16.905 
150 13.720 
176 11.280 

200 10.780 
225 10 . .355 
251 9.563 
275 9.535 
300 9.005 
313 5.860 
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lE~PERAlURE ('C) 
10. 0 15 . 0 20 .0 25 .0 J~.o J~. 0 

,j 
HOL__·_____j 

ST ATION: 16 lAi: 6 50.4 N 
DAlE' 7/12/88 

LON: 128 1.0 
TIME: 1236Z 

PR ESS lE~P 

1 2 9 .77 5 
11 29.677 
21 29.567 
31 29 . 550 
<0 29.~ 8 0 

50 29.540 
75 2B.J53 

10 1 23.1 10 
12 5 16 . .(]5 
150 15.3-40 
176 13.793 

20 0 12 .68 5 
225 11.535 
251 10.203 
275 9.650 
300 9. 190 

'" 9.3 70 
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150 

TEMP[RAlURE (°C) 
50 10.0 15.0 "' 25.0 30.0 35.0 

SlATION: 19 LAl: 6 50.0 N LON: 0 0.0 
DAlE: 7/12/88 TI"E: 1248Z 

PRESS 1EMP 

1 29.7.45 
11 29.7.37 
21 29 . .363 
31 28.755 
<0 28.570 
50 28.215 , 27.127 

101 23.913 
125 21.915 
150 18.605 
176 16.057 

200 15.785 
225 14.720 
251 1.3.017 
27!) 10.5<15 
300 9.785 
313 9.180 
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TEMPERATURE ('C) 
~~.o 15.o 2c.o z:..o ;,o. c J:..o 

STATION: 21 LAT: 6 25.0 N LON: 128 32.4 
T1"E: 1300Z DATE: 7/12/88 

PRESS 

1 , , 
31 
<0 
50 
75 

101 
125 
150 
176 

200 
225 
251 
275 
300 
313 

TEMP 

29.3~0 

29.830 
29.7.t7 
29.760 
29.585 
29.~60 

27.523 
:£6.860 
2-4.~45 

21.155 
17 . .(50 
1-4.8.t0 
12.930 
11.273 
10.755 
10.130 
9.3.40 



"' 

TEUPER ATURE ( 'C) 
10.0 1$.0 

"' 

i ,.,j ( 

STATION: 22 LAT: 6 25.1 N 
DATE' 7/12/88 

20.0 :15.0 JO.O 

I 

LON, 128 14.5 
TI"E' 13D6Z 

J5.0 

PRESS TEUP 

1 28.775 
11 28.607 
21 28 . 607 
31 2e.A00 
<0 28.A20 
50 28 .105 
75 27.250 

101 25.29 3 
125 :22.310 
150 18.735 
176 13.407 

200 11.670 
225 11.500 
251 10.763 
275 10.660 
300 9 .78 5 

"' 9.550 
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TEMPERATURE ('C) 
10.0 15 .0 
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STATION: 23 LAT: 6 25.1 N 
DATE: 7/12/88 

10 . 0 15.0 30.0 

LON: 127 56.2 
TIME: 1311Z 

3S.O 

PRESS TEMP 

1 29.210 
11 29.307 
21 29.193 
31 29.280 
AO 29.140 
50 29.180 
75 26.197 

101 25.377 
125 20.990 
150 16.480 
176 13.B77 

200 12.375 
225 11.565 
251 10.753 
275 ,0.265 
300 9.760 
313 9.6.40 
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TEUPERATURE ('C) 
10' 0 1~ 0 20 .0 

"TATION: 24 LAT: 6 25.2 N 
DATE: 7/12/88 

JO.O l$.0 
-r-----

LON: 127 33.5 W 
TIUE: 1318Z 

PRESS TEUP 

1 29.600 
11 29.-'70 
21 29 . .487 . 
31 29.450 
AO 29.225 
50 29.145 
75 27.567 

101 2.t.H7 
125 20.3BO 
150 15.595 
176 13.707 

200 11.990 
225 10.7 .. 5 
251 10 . .07 
275 10.350 
300 9..480 
313 9.360 
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TEMPERATURE ('C) 
10.0 15.0 20.0 30.0 35.0 
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STATION; 25 LA!; 6 25.1 N 
DATE; 7/12/88 

LON; 127 20.9 .V 
TIIJ.E: 1323Z 

PRESS TEMP 

1 29 •• UIO 
11 29.377 
21 29.-467 
31 29 • .375 
<0 29.-485 
50 29.110 
75 26.000 

101 23.340 
125 16.490 
150 15.0<1 5 
1i6 12.867 

200 10.995 
225 10.205 
251 9.977 
275 9.250 
300 6.990 ,, 9.060 
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!5.0 10.0 :25.0 30.0 

so~ I 

100-l / 

1~0 

w 
0 

w 
~ 

f" '(/ "' 

"'1 
"' 

STATION: 28 LAT: 5 40.5 N 
DATE: 7/12/88 

LON: 125 54.1 
TI~E: 1353Z 

PRESS TEMP 
35.0 

29.705 
11 29.620 
21 29.620 
31 29.725 

AO 29.715 
50 29.630 
75 27.697 

101 24.690 
125 22.750 
150 20.080 
176 17.£70 

200 1.t.S.35 
225 11.825 
251 9.353 
275 8.910 

300 8.650 
313 8.560 
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TE~PERATURE ( 0 C) 
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STATION' 30 LAT, 5 48.1 N 
OAT[, 7/12/88 

20.0 25.0 JO,O 

J 

r 

LON' 126 29.1 
TI~E' 1406Z 

PRESS TE~P 

J5.0 
1 29.380 

11 29.360 

" 29.357 
31 29 . .(.45 
<0 29.050 
50 28.\95 
75 24.600 

101 20.397 
125 \8.550 
150 15 . .325 
17G 15.030 

I 

200 13.970 
225 12.875 
251 11.073 
275 9.870 
500 9.120 

'" 9.160 
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TE~PERATURE Cc) 
0.0 S.O 10.0 15.0 20.0 :2.:>.0 JO.O J!o.O 

STATION: 43 LAT: 5 41.7 N 
DATE: 7/12/88 

LON' 127 54.2 
TI"E: 1530Z 

PRESS 

1 
11 
21 
31 
40 
50 
75 

101 
125 
150 
176 

200 
225 
251 
275 
300 
313 

TE~ P 

29.2~0 

29.26.3 
29.233 
28.990 
28.310 
27.980 
26.187 
23.567 
22.535 
20.220 
16.767 
1A.620 
12.700 
11.7~7 

10.905 
!2.680 
9.460 
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TEI.lP[RATURE {°C) 
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,( 
r 

STATION: 92 LAT: 5 21.0 N 
DATE: 7/11/88 

H.O JO.O 

LON: 128 35.5 
TIUE: 09\BZ 

PRESS TEMP 
J!I.O 

29.~25 

11 29.343 
21 29.317 
31 29.235 
AO 79.H5 
50 29.550 
75 29.173 

101 25.957 
125 22.090 
150 19 . .U5 
176 17.663 

I 

200 13 . .470 
225 12.580 
251 12 . .353 
275 11.760 

JOO 10 . .420 
J1J 10.140 
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TEMPERATURE C1C) 

'·' 10.0 15.0 

'" 
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STATION: 93 LAT: 5 5.8 N 
D<TE' 7/11/88 

20.0 25.0 30,0 

J 

LON' 128 34.9 
TI"E' 09232 

35.0 

PRESS TEMP 

1 29.180 
11 29.140 
21 29.040 
31 28.980 
<0 29.110 
50 29.255 
75 27.9l!J 

101 23.263 
125 21.895 
150 19.540 
176 17.070 

200 16.835 
225 13.700 
251 12.343 
275 11:905 
300 10.705 
313 10.290 
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TEMPER ATURE ('C) 
0.0 '·' Hl.O 1 ~. 0 

ST ATI ON: 9 5 L AT: 4 12.0 N 
OATF' 7/11/88 

2?.0 ~ ~ . 0 ... J~.o 

LON ' 12 8 34.4 
TIM E' 0936Z 

PRESS TEMP 

I 29.785 
II 29 .747 
21 29 .6 23 
31 29.660 
<0 29.71 5 
so 29.62 5 

" 29.e27 
101 26 ,930 
125 23 .900 
ISO 22 ... 00 
176 21. .(17 

200 19. 330 

'" 16 . .C90 

" ' 1.(.970 
27 5 13.625 
300 11.875 

'" 11,.450 
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TEUPERATURE ("C) 
10.0 15.0 20.0 30.0 35.0 

+-----"------

STATION: 96 LAT: 3 33.0 N LON: 128 34.9 " 
DATE: 7/11/88 TI~E: 09482 

PRESS TEMP 

1 29.650 
11 29.717 
21 29.590 
31 29.590 
AO 29.570 
50 29.620 
75 29.590 

101 25.993 
125 2.4.030 
150 22.850 ,. 21.563 

200 19.160 
225 17.955 
251 15.660 
275 1.( .. (40 

300 1-LBO 
313 13.860 
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TEMPERATURE ('C) PRESS TEMP 
10.0 15.0 20.0 25.0 30.0 35.0 

1 30.2.35 
11 29.487 

" 29.H7 
31 29.565 
<0 29.565 
50 29.6.40 
75 29.003 

101 24.107 
125 22.910 
150 21.650 
176 19.360 

200 18.280 

<D 

I 
225 16.6t0 

0 251 13.797 
w 275 1.3.105 

~ 200 

300 12.110 
31l 11.620 

00 r 250 
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STATION: 99 LAT: 2 23.6 N LON: 129 0.2 
DATE: 7 /11/BB TIME: 10002 
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TEUPERATURE ('C) 
10.0 15.0 '20.0 :25.0 JO.O 
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STATION: 100 LAT: 2 8.5 N 
DATE' 7/11/88 

LON: 129 4.8 
TI"E' 1011Z 

H.O 

PRESS TEUP 

29.595 
11 29.697 
21 2~.550 

31 29.500 
<0 29.390 
50 29.170 , 28.013 

101 25.113 
125 23.005 
150 21.720 
176 19.963 

200 16.950 
225 15.200 
251 15.640 
27> 13.245 
300 12 .920 
313 12.350 
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STATION' 102 LAT' 1 14.8 N 
DATE' 7/11/88 
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LON, 129 2.5 " 
TIME, 1023Z 

35.0 

PRESS TEMP 

1 29.505 , 29 . .U3 , 29.297 
31 29.415 

•o 29.385 
so 29.380 
75 26.520 

101 26.910 
125 24.085 
150 22.555 
176 21.200 

200 20.120 
225 17.510 
251 16 • .&70 

275 15.105 
300 l.t\.185 
313 13.170 
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10.0 15.0 10 . 0 H.O JCl.O 35.0 

I 29.6~0 

II 29.693 
21 29.513 
31 29.665 
<0 29.570 
so 29.650 
75 29.680 

101 25.657 
125 23.725 
ISO 23.Q;j5 ,. 21.930 
200 19 . .(05 

<n 225 17.835 
D 25 1 16.250 

w 275 1f.515 

"' 300 17.775 
=> m '" 17.860 
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STATION: 108 LAT: 3 20.0 N LON: 129 14.5 
OATE: 7/11/88 TI"E: 1053Z 
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1EMPERATURE ('C) 
!0.0 TS.O 10.0 25.0 30.0 

i , .. 1 I 

STATION: 111 LAT: 4 27.1 N 
DATE: 7/11/88 

LON: 129 15.7 
Tlfl[: 1118Z 

35.0 

I 

PRESS TEMP 

1 29.5.45 
11 29.-453 
21 29.•Hi7 
31 29 . .480 

AO 29.415 
50 29..t05 
75 29.163 

101 25.740 
125 23.765 
150 22.395 
176 20.170 

200 18.330 
225 17.005 
251 1.4.100 
275 1.3.745 
300 12.970 

"' 12.590 



;:; 

TEMPERATURE ('C) 
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STATION: 112 LA!: 5 5.8 N 
DATE: 7/11/88 

25.0 30.0 

LON: 129 15.8 
TIME: 11232 

PRESS TEMP 
35.0 

1 29,4.70 
11 29.!5-.(0 
21 29.353 
31 29.295 

•o 29,325 
50 29.235 
75 29.010 

101 26.557 
125 22 . .450 
150 20.805 
176 18.073 

200 17.400 

I 

225 0.800 
251 13.333 
275 13.115 
300 11.805 
313 11.550 
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TEMPERATURE ('C) 
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LON: 129 16.3 
TIME: 1130Z 

35.0 
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APPENDIX 13. LAG !tANG IAN TE~ll'[IL\TUHE Tl~l[ SERIES 

This appendix is included to proYiJc the temperature time series whid1 were dis

cussed in this study and may be of interest to the reader. Also included are the temper

ature time series based on the raw data. 
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